Osmoregulation is a fundamental phenomenon developed by bacteria, fungi, plants, and animals to overcome osmotic stress. The most widely distributed strategy of response to hyperosmotic stress is the accumulation of compatible solutes, which protects the cells and allows growth. One of the most effective compatible solutes widely used by bacteria is glycine betaine, the N-trimethyl derivative of glycine (8, 27) , which can be accumulated intracellularly at high concentration through either synthesis, uptake, or both.
Transporters for glycine betaine have been extensively investigated at the molecular level in the gram-negative enteric bacteria Escherichia coli and Salmonella enterica serovar Typhimurium and in the gram-positive soil bacteria Bacillus subtilis and Corynebacterium glutamicum. In E. coli and serovar Typhimurium, two transport systems, ProP and ProU, are primarily responsible for the uptake of glycine betaine. ProP, a secondary transporter, functions as an H ϩ symporter and is regulated mainly at the activity level (5, 31) . ProU is a binding protein-dependent transporter, a member of the ABC superfamily, and is regulated at the level of both transcription and activity (6, 28) .
In B. subtilis, three high-affinity effective glycine betaine transporters have been characterized so far. Two systems, OpuA and OpuC, are members of the ABC superfamily of transporters (19, 21, 22) , and one, OpuD, is a secondary transporter (20) . OpuA and OpuC present identity to the periplasmic binding protein ProU transporter from E. coli, but as a grampositive bacterium, B. subtilis lacks the periplasm, and the binding proteins are anchored in the cytoplasm membrane to prevent their loss in the surrounding medium (22) . Whereas OpuC can transport a wide variety of compatible solutes such as glycine betaine, choline, ectoine, and carnitine, OpuA and OpuD exhibit a restricted substrate specificity for glycine betaine.
With respect to osmotic adaptation, C. glutamicum is another well-studied gram-positive soil bacterium. In this organism, two secondary carriers for the uptake of glycine betaine have been characterized: the high-affinity, Na ϩ -coupled glycine betaine uptake system BetP, and EctP, which prefers ectoine to glycine betaine (10, 36, 38) . Both systems are regulated by the external osmolarity on the level of activity. BetP and EctP are closely related to each other and to other prokaryotic carriers for compatible solutes, such as the glycine betaine transporter OpuD from B. subtilis, the choline transporter BetT and the carnitine transporter CaiT from E. coli, the glycine betaine transporter BetL from Listeria monocytogenes (49) , and the putative BetP proteins from Mycobacterium tuberculosis (39) and from Haemophilus influenzae (14) . These proteins constitute a small family of structurally and functionally related systems, all belonging to the betaine choline car-nitine transporters (BCCT) or trimethylammonium transporters (20) .
Previous works have demonstrated the crucial role of glycine betaine for osmotic stress resistance in the gram-negative soil bacterium Sinorhizobium meliloti, the alfalfa (Medicago sativa L.)-symbiotic species, and have led to investigations of glycine betaine synthesis and transport (25, 50) . The biosynthetic pathway, the enzymatic oxidation of choline or choline-O-sulfate to glycine betaine, has been well characterized at the molecular level (34, 43) and involves four genes, betICBA, organized in one operon. In addition to the genes encoding a presumed regulatory protein (betI), the betaine aldehyde dehydrogenase (betB), and the choline dehydrogenase (betA), enzymes also found in E. coli (24) , S. meliloti, unlike other bacteria, possesses an additional gene (betC) which encodes a choline sulfatase catalyzing the conversion of choline-O-sulfate and, to a lesser extent, phosphorylcholine into choline (34) .
The genes encoding transport systems for glycine betaine in S. meliloti are largely unexplored, although it has been demonstrated previously that glycine betaine transport activity is strongly stimulated in cells grown at high osmolarity (2) and that a glycine betaine-binding protein exists in the periplasm of such cells (26) . In addition to glycine betaine, S. meliloti uses proline betaine, also known as stachydrine or dimethylproline, as an osmoprotectant (17) . This quaternary ammonium derivative of proline occurs widely in Medicago species (42) and has been identified as an inducer of S. meliloti nodulation genes (40) , although the proline betaine transport system has not been characterized. Nevertheless, recently we have described an ATP-binding cassette histidine transporter (Hut), also involved in high-affinity proline and proline betaine uptake and low-affinity glycine betaine transport (3) . Expression analysis of the hut operon revealed induction by histidine but not by osmotic stress, suggesting that this uptake system has a catabolic role rather than being involved in osmoprotection.
Here, we report the molecular characterization and disruption of betS, a gene which plays an important role in highaffinity Na ϩ -coupled glycine betaine and proline betaine transport in S. meliloti. Furthermore, we show that betS is constitutively expressed, whereas BetS activity depends on posttranslational activation by high osmolarity and is most likely the emergency system transporting betaines for immediate osmotic protection.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and ␤-galactosidase assays. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli strains were routinely grown in Luria-Bertani (LB) medium (47) at 37°C, and S. meliloti strains were routinely grown in LB supplemented with 2.5 mM MgSO 4 and 2.5 mM CaCl 2 (LBmc) at 30°C. When required, antibiotics were added at the final concentrations described previously (11, 43) . For transport assays, E. coli cells were grown in M63 minimal medium supplemented with 0.2% glucose as the carbon source (7) or in M63 modified medium containing Na 2 HPO 4 (40.8 mM) instead of K 2 HPO 4 . S. meliloti strains were grown in MCAA medium (50) for transport assays or in LAS minimum medium containing 10 mM sodium lactate and 10 mM sodium aspartate (2) for ␤-galactosidase assays. The osmotic strength of the media was increased by the addition of 0.3 or 0.5 M NaCl, 0.3 M KCl, or 0.48 M mannitol. ␤-Galactosidase activity was determined by the method of Miller (30) using overnight induced cultures at an optical density at 600 nm (OD 600 ) of 0.4.
PCR amplification of the S. meliloti betS gene. PCR mixtures contained 50 pmol of each degenerate primer; 200 ng of S. meliloti strain 102F34 genomic DNA; a 200 M concentration each of dATP, dTTP, dGTP, and dCTP; 1ϫ Taq polymerase buffer (Appligene, Illkirch, France); and 1 U of Taq DNA polymerase (Appligene) in a final volume of 50 l. Reaction mixtures were cycled automatically using a Biometra thermocycler (T gradient model; Biometra GmbH, Göttingen, Germany) through temperature and time cycles as follows: denaturation, 95°C for 1 min; annealing, variable from 46 to 56°C for 1 min; and extension, 72°C for 1 min. The denaturation time of the first cycle was prolonged to 5 min to ensure a single-stranded template for the PCR, and the final extension time was increased to 10 min to ensure completion of strand synthesis. Twenty microliters of reaction mixture was analyzed by electrophoresis on 1.5% agarose gels. The sequences of the two degenerate primers used were 5Ј-TTY GCN GGN ATN GG-3Ј (BT1) and 5Ј-CCA CCA NGC CCA RWA NA-3Ј (BT3R). (47) . PCR-purified fragments were subcloned in the pGEM-T cloning vector (Promega, Charbonnières, France). DNA probes were labeled using the Prime-a-Gene random priming system (Promega) and [␣-32 P]dCTP (purchased from Amersham Corp., Little Chalfont, United Kingdom). Total DNA from S. meliloti was isolated as described previously (29) . The genomic library of S. meliloti 2011, made up of an Sau3A partial DNA digest cloned into pLAFR3, was kindly provided by D. Kahn (Laboratoire CNRS-INRA, Castanet-Tolosan, France). Screening of the genomic library was performed by colony hybridization using the 700-bp PCR product ( Fig. 1) as the probe, according to standard procedures (47) .
The 3.4-kb SalI fragment from the identified cosmid (pBT47) which contained the betS gene was transferred into the sequencing vector pUC119 and suicide vector pSUP202 to yield pBT58 and pSBI39, respectively. Derivatives of pSBI39 were obtained after partial digestion with BamHI and ligation with a 4.7-kb BamHI fragment carrying a lacZ-Km r cartridge from pKOK5 (23) . The location and orientation of the cartridge at the correct BamHI site in betS were verified by restriction analysis. pSBA15 contains a transcriptional lacZ fusion in betS, and pSBA16 carries the lacZ coding sequence in the opposite orientation of betS.
In order to construct recombinant betS-lacZ fusion and mutant strains, these plasmids were transferred by triparental mating, using E. coli strain MT616 (pRK600) as the helper, into S. meliloti GMI211 (12) . A single recombinant clone, selected as Sm r , Nm r , and Cm r and containing pSBA15, was named UNA315, while a double recombinant clone, selected as Sm r , Nm r , and Cm s and containing pSBA16, was designated UNA316. The location of the cartridge at the correct BamHI site in betS was verified by Southern hybridization. The nucleotide sequence of both strands of pBT58 SalI fragment was established using the fluorescent ABI dye-labeled deoxy terminator method of MWG Biotech (Edersberg, Germany). The DNA and derived protein sequences were analyzed by using ClustalW (51) and Blast (1) software programs.
Transport assays. Radioactive [methyl-
14 C]glycine betaine was prepared from [methyl-
14 C]choline (2.04 GBq/mmol; Amersham Corp.) as previously described (35) . [U-
14 C]proline betaine (4.6 GBq/mmol) was obtained from the Commissariat à l'Energie Atomique (Gif-sur-Yvette, France). E. coli cells were harvested at an OD 420 of 0.8 to 1.0 and washed twice in the medium used for the culture. All assays were carried out at 37°C with 1 ml of the cell suspension and radioactive substrates (100,000 dpm). Uptake was determined by rapid filtration through GF/F glass microfiber filters (Whatman) rinsed with 3 ml of the corresponding medium. The radioactivity remaining on the filters was determined with a liquid scintillation spectrometer (model LS6000SC; Beckman Instruments, Villepinte, France). For kinetics studies with E. coli cells, the radioactive substrates were used at final concentrations of 1 to 100 M. For competition experiments, unlabeled choline, carnitine, ectoine, histidine, proline, and proline betaine were added at a final concentration of 100 M or 1 mM to a 10 M [methyl-
14 C]glycine betaine solution. Competition uptake assays were run on a 5-min incubation period before filtration.
Transport assays with S. meliloti cells were realized in the same conditions as described for E. coli except that [methyl- 14 C]glycine betaine and [U-14 C]proline betaine were used at 40 M. Upshock effects on betaine transport activities in S. meliloti were measured from cells grown in low-osmolarity MCAA medium to the late exponential phase (OD 420 of 0.8). The culture was then divided into two parts, and one was treated with 100 g of chloramphenicol per ml. After 30 min, the chloramphenicol-treated culture and the untreated culture were subjected to a sudden osmotic upshock by adding NaCl to the growth medium at a final concentration of 0.3 M. Measurements of [methyl- 14 C]glycine betaine uptake were done at various times before and after the upshock.
Nucleotide sequence accession number. The nucleotide sequence of the betS gene has been deposited in the GenBank database under accession number AF323271. 
RESULTS
Identification and sequence analysis of the betS gene of S. meliloti. A PCR strategy was used to isolate a trimethylammonium transporter in S. meliloti. Alignment of various amino acid sequences of BCCT transporters, such as the glycine betaine uptake systems OpuD of B. subtilis (accession number GI 1524397) (20) , BetP of C. glutamicum (accession number GI 1325948) (36) , and BetL of L. monocytogenes (accession number GI 11279740) (49), the choline transporter BetT of E. coli (accession number GI 1786506) (24) , and the BetT-like protein of H. influenzae (accession number GI 6626252) (14) , revealed blocks of well-conserved amino acid residues. Strongly conserved regions are found in the putative transmembrane ␣-helix 8 and the small adjacent cytoplasmic connecting loop.
Two stretches of amino acids, FAAGM/IG and F/YWAWW, were defined to synthesize degenerate primers called BT1 and BT3R (see Materials and Methods). PCR amplification using total genomic DNA of S. meliloti 102F34 as the template with these primers resulted in a 700-bp amplified fragment of the expected size. This fragment was subcloned in pGEM-T, amplified, and used as a probe to screen a genomic DNA library of S. meliloti 2011. Ten positive clones were detected, and one was analyzed further. It contained a recombinant cosmid, pBT47, carrying a 20-kb Sau3A insert. By restriction analysis and Southern hybridization, the region homologous to the PCR-amplified fragment was restricted to a 3.4-kb SalI fragment and subcloned in pBT58 (Fig. 1A) . The nucleotide sequence of the 3,375-bp DNA fragment carried by pBT58 led to the identification of one major open reading frame (ORF) of 2,121 nucleotides which encoded a polypeptide of 706 residues with a calculated molecular mass of 77.6 kDa. This ORF, hereafter referred to as the betS gene, is preceded by a potential ribosome-binding site (GAGGA) adjacent to the putative ATG start codon. An inverted repeat sequence is present downstream of the stop codon and might serve as a transcription terminator. Analysis of the annotated genomic sequence of the S. meliloti genome (http://sequence.toulouse.inra.fr/meliloti.html) has shown that this nucleotide sequence is localized on the pSymb megaplasmid (smbY20333).
A search for related proteins revealed significant sequence identities with all BCCT transport systems involved in the uptake of trimethylammonium compounds. When considering BetS in its entire length, the highest identity scores were obtained with the BetT -like protein of H. influenzae (37%), BetT of E. coli (34%), OpuD of B. subtilis (30%), BetL of L. monocytogenes (28%), and BetP of C. glutamicum (25%). The hydrophobicity profile (DAS program; Stockholm University, Stockholm, Sweden) of BetS predicts 12 membrane-spanning segments (Fig. 1B) , each with a length of approximately 20 amino acid residues and with both the N-and C-terminal extensions located in the cytoplasm. Considering the predicted structure and the identity scores mentioned previously, it is obvious that BetS of S. meliloti belongs to the BCCT transporter family.
It should be noticed that the smbY20333 sequence from the annotated genome of S. meliloti refers to a gene encoding a polypeptide of 621 amino acids, i.e., 85 residues shorter than BetS. Indeed, the ATG used to describe BetS is located 255 bp upstream from the ATG codon used for smbY20333. The putative protein encoded by smbY20333 lacks the first transmembrane helix and thus presents an N-terminal extension located in the periplasmic space, which is not a structure characteristic of BCCT transporters.
Interestingly, the BetS protein possesses an important cytoplasmic C-terminal end (169 amino acid residues). Among members of the BCCT family, a similar C-terminal extension is present only in the BetT proteins of E. coli and H. influenzae. This C-terminal end is much shorter (about 50 amino acids) in the EctP (38) and BetP (36) transporters of C. glutamicum. S. meliloti BetS shows a cytoplasmic N-terminal domain of 52 amino acids, and such a long extension is found only in the BetP protein of C. glutamicum.
Transport activities and specificity of BetS expressed in E. coli MKH13. To investigate the function of BetS, the betS gene of S. meliloti was expressed in the MKH13 mutant strain of E. coli. In contrast to the E. coli parental strain, MC4100, the mutant MKH13, which cannot synthesize glycine betaine from its precursor, choline, and lacks the PutP, ProP, and ProU transport systems, is unable to grow on minimal medium of high osmolarity containing choline or glycine betaine as an osmoprotectant (18) . Plasmid pSBI39, which contains the betS gene cloned in pSUP202, was transferred into MKH13. The presence of pSBI39, but not of pSUP202, restored the growth of MKH13 on high-osmolarity (0.5 M NaCl) minimal medium plates supplemented with 1 mM glycine betaine. As in MKH13, [ 14 C]glycine betaine transport at high affinity (10 M) could not be detected in strains MKH13(pSUP202) and MKH13 (pSBI39) when grown in low-osmolarity minimal medium containing 1 mM glycine betaine or not (data not shown). However, in contrast to MKH13 and MKH13(pSUP202), [ 14 C]glycine betaine was taken up by MKH13(pSBI39) when the cells were grown in high-osmolarity medium (0.3 M NaCl), supplemented or not with glycine betaine (Fig. 2) . Therefore, the functional complementation observed in MKH13(pSBI39) demonstrates that betS encodes a glycine betaine transporter.
Since the maximum uptake rate was observed when the bacteria were grown in the presence of 0.3 M NaCl without glycine betaine (data not shown), this condition was used to Since BCCT transporters are involved in the uptake of choline, ectoine, and carnitine in addition to glycine betaine, the substrate specificity of BetS was analyzed by competition assays using strain MKH13(pSBI39) grown in the presence of 0.3 M NaCl. The uptake of 10 M [ 14 C]glycine betaine ( Table 2 ) was greatly inhibited by the addition of unlabeled proline betaine, with 50 and 90% inhibition, with a 10-and 100-fold excess, respectively, of competitor. Measurements of [
14 C]proline betaine uptake in strain MKH13(pSBI39) grown in the presence of 0.3 M NaCl showed a maximum uptake rate of 75 Ϯ 18 nmol/min/mg of protein and a K m of 56 Ϯ 6 M, whereas strain MKH13(pSUP202) did not show any transport. The addition of choline, ectoine, and carnitine had no effect on glycine betaine uptake activity despite a 100-fold excess of competitor. Proline and histidine, substrates of the Hut transporter which is also involved in glycine betaine uptake in S. meliloti (3), were not competitors. These results demonstrated that BetS is a high-affinity uptake system with a narrow specificity for glycine betaine and proline betaine.
Regulation of BetS activity in E. coli MKH13. Since the transport activities of glycine betaine and proline betaine mediated by BetS were detectable in the E. coli MKH13 mutant complemented by pSBI39 only when NaCl was added to the medium, we wanted to determine whether BetS activity is coupled to the transport of sodium and subject to immediate activation by the osmolarity of the medium. Thus, E. coli MKH13(pSBI39) cells grown in low-osmolarity medium were subjected to sudden osmotic upshift by the addition of NaCl, KCl, or mannitol (Fig. 3) . When the cells were cultivated at low osmolarity in M63 Na ϩ -free medium, glycine betaine transport was barely detectable (less than 0.1 nmol/min/mg of protein), whereas addition of NaCl (0.3 M final concentration) strongly increased the uptake within 2 min following upshock (9.5 nmol/min/mg of protein). When the uptake was performed by the addition of KCl or mannitol used at concentrations osmotically equivalent to 0.3 M NaCl, no activation of uptake was observed (Fig. 3) .
For further elucidation, the cells were grown at low osmolarity in M63 modified medium containing Na 2 HPO 4 instead of K 2 HPO 4 (40.8 mM Na ϩ ). In this medium, glycine betaine uptake in unstressed cells was clearly increased but still remained quite low. As observed previously, BetS was again strongly activated after upshock performed with NaCl. Interestingly, in contrast to what was found for cells grown in Na ϩ -free medium, addition of KCl or mannitol also led to a strong enhancement in transport activity even though the stimulation was 4-and 2.6-fold less, respectively, than the increase observed in the presence of NaCl (Fig. 3) . The difference may result from a specific effect of Na ϩ at high concentration, but can also be due to a weaker stress because of significant uptake of K ϩ or mannitol. Taken together, uptake measurements in cells grown in the presence or the absence of NaCl and upshock experiments carried out with NaCl, KCl, or mannitol indicate that Na ϩ is most likely the coupling ion for BetS activity and suggest that BetS is subjected to posttranslational activation by high osmolarity, since such rapid regulation cannot be the consequence of activated transcription.
Glycine betaine and proline betaine transport activities in S. meliloti. To characterize the contribution of BetS to glycine betaine and proline betaine uptake in S. meliloti, a double recombinant GMI211 strain carrying a lacZ-Km r cassette in the betS gene inserted in the opposite orientation (UNA316) was constructed as described in Materials and Methods and shown in Fig. 1A . Uptake of glycine betaine and proline betaine, used at a final concentration of 40 M, was measured in both strains, wild type and mutant UNA316, grown overnight in MCAA medium in either the presence or the absence of 0.3 M NaCl. While the mutant strain was completely unaffected in glycine betaine uptake compared with the wild-type strain when the cells were grown at low osmolarity, at high osmolarity it showed a 60% decrease in uptake rate (Table 3) . When glycine betaine was added to the growth medium, again a strong reduction of uptake was observed only in the mutant salt-stressed cells. In addition, the presence of the substrate stimulated the uptake in cells grown at low osmolarity by twoto threefold, suggesting the presence of a glycine betaineinduced transporter(s) in both strains. Such stimulation was not observed in cells grown at high osmolarity.
When uptake of proline betaine (40 M) was measured with cells grown as previously, the results obtained with the wildtype and the mutant strains were in good agreement with the corresponding results obtained with glycine betaine (Table 3) . If proline betaine uptake activity appeared about three-to fourfold lower than glycine betaine uptake activity, depending on the growth, it is important to note that 40 M substrate represents 2.5-fold the K m value for glycine betaine but less than the K m value for proline betaine. Given that the strong reduction of betaine uptake in the mutant strain was observed only in cells grown at high osmolarity, we assume that the BetS transporter represents an important component in the overall glycine betaine and proline betaine uptake activities in response to salt stress in S. meliloti.
Osmotic regulation of BetS in S. meliloti.
To analyze the expression of betS in S. meliloti, a transcriptional betS-lacZ fusion was constructed, resulting in strain UNA315 (see Materials and Methods). The ␤-galactosidase activity of UNA315 was measured in cells grown in LAS minimal medium and compared to the basal level of ␤-galactosidase activity of UNA316. In strain UNA315, the betS-lacZ fusion was strongly expressed in cells grown in minimal medium (Table 4) . Addition of NaCl (0.3 M), glycine betaine (1 mM), or a combination of both did not significantly induce betS expression. These results indicate that the betS gene is constitutively expressed and exclude significant transcriptional induction by either salt stress or glycine betaine. Consequently, in S. meliloti, the activation of BetS-mediated glycine betaine transport by osmotic stress is most likely due to a posttranscriptional regulation, as previously observed in the complemented E. coli MKH13 strain.
Since betS is not regulated at the expression level, it was important to establish whether BetS activity, which is observed only at high osmolarity, depends on osmotic activation of existing BetS proteins. Thus, glycine betaine uptake was measured in exponentially growing wild-type GMI211 and betS mutant UNA316 cells, treated or not with chloramphenicol, and subjected to a sudden osmotic upshock by adding NaCl (final concentration, 0.3 M). As shown in Fig. 4 , glycine betaine uptake by GMI211 was immediately stimulated upon osmotic upshock (from 4 to 15 nmol/min/mg of protein). A strong stimulation was observed in less than 2 min, but maximal activation required approximately 8 to 10 min. Then, the rate of uptake continued to rise slowly over a period of 180 min to reach approximately 20 nmol/min/mg of protein. Chloramphenicol-treated cells showed a similar response to the upshock. However, the slow further increase observed previously could no longer be detected, and the rate of transport remained constant during 180 min. In contrast to what was observed with the wild type, glycine betaine uptake in the betS mutant was slightly decreased for about 10 min after the osmotic upshock and then slowly increased as in the wild type. In chloramphenicol-treated cells, this increase was completely abolished. Almost similar results were obtained with proline betaine (80 M) as the substrate (data not shown).
From all of these experiments, we conclude the following: (i) upon osmotic upshock, the strong increase in glycine betaine and proline betaine uptake via the BetS transporter is the consequence of the activation of existing BetS proteins, probably through conformational changes; (ii) besides BetS, at least one other uptake system for both betaines is operative, and its expression is most likely transcriptionally induced by osmotic stress. For further elucidation of the role of osmolarity on BetS activation, glycine betaine transport was measured in GMI211 and UNA316 following osmotic upshock obtained by the addition of increased NaCl concentrations (Fig. 5) . Clearly, the maximal activation of BetS-mediated glycine betaine transport was obtained with 0.3 M NaCl. At higher concentrations, the rate of transport decreased, probably because of inhibitory effects of the high ion concentration.
Contribution of BetS to osmoprotection by glycine betaine and proline betaine in S. meliloti. To assess the contribution of the BetS transporter to osmoprotection by glycine betaine and proline betaine, GMI211 and UNA316 were grown in MCAA medium under high osmolarity (0.5 M NaCl) in the absence or presence of betaine (1 mM). As already known, (i) growth of both strains was strongly impaired in the absence of osmoprotectant, (ii) addition of 1 mM glycine betaine or 1 mM proline betaine strongly alleviated growth inhibition in GMI211, and (iii) glycine betaine was more efficient than proline betaine in protecting S. meliloti against osmotic stress (Fig. 6 ). During the exponential growth phase, the generation time obtained for salt-stressed cells grown in the presence of betaines was not significantly different between GMI211 and UNA316. However, UNA316 showed a much longer delay in its response to osmotic stress: for example, in the presence of glycine betaine, the lag phase for GMI211 was about 3 h, compared to 12 h for UNA316 (Fig. 6A) . Similar results were obtained when proline betaine replaced glycine betaine (Fig. 6B) . Hence, the BetS transporter of S. meliloti is absolutely required for a rapid adaptation to osmotic stress, through uptake of glycine betaine or proline betaine.
DISCUSSION
Glycine betaine and proline betaine accumulation in saltstressed S. meliloti allows the cells to grow at high osmolarity, both betaines being very potent osmoprotectants (17, 25) . These betaines are mainly plant-derived compounds which may reach soil bacteria through root exudation or plant decomposition (41) . In addition, because proline betaine occurs widely in Medicago species (42) and not in other genera of the Leguminosae (54), this betaine, which is also released from germinating Medicago seeds (42), may be ecologically important for root colonization of alfalfa by S. meliloti.
In this study, we report the identification and characterization of BetS, a major S. meliloti transporter for glycine betaine and proline betaine, whose inactivation results in loss of protection by both betaines after an osmotic upshock. BetS shows significant identity with various BCCT transporters (BetT, OpuD, BetL, and BetP) and, from a computer-assisted analysis, possesses 12 transmembrane domains, with both the N-and C-terminal ends located in the cytoplasm, a structural feature common in secondary transporters (46) . In addition, a highly FIG. 4 . Effect of NaCl upshock on glycine betaine uptake activity in S. meliloti GMI211 (s, ᮀ) and betS mutant (OE, ‚) strains. Cells were grown in MCAA low-osmolarity medium to mid-log phase and subjected to a sudden upshock (indicated by the arrow) by adding NaCl at a final concentration of 0.3 M. Uptake measurements of [
14 C]glycine betaine were done at a final concentration of 40 M using cells treated (ᮀ, ‚) or not (s, OE) with chloramphenicol (100 g/ml). Values are means from duplicates of three independent cultures, with standard errors of less than 5%.
FIG. 5. Dependence of glycine betaine uptake in S. meliloti wildtype and betS mutant strains on increases in medium osmolarity imposed by NaCl. Cells were grown in low-osmolarity MCAA medium and then subjected to osmotic upshock by addition of NaCl. The initial uptake rates were determined at 40 M [ 14 C]glycine betaine, 10 min after upshock, and plotted against the NaCl concentration added to the medium. Data are means from duplicates of three separate experiments; standard deviations are also shown.
conserved amino acid sequence within helix 8 contains, at residue 357, the BCCT signature, (GSDN)-WT-(LIVM)-X-(FY)-WXWW. With respect to betaine uptake in S. meliloti, only an ATP-binding cassette histidine transporter (Hut system), also involved in glycine betaine and proline betaine, has been characterized previously (3) . However, this system, which is induced by histidine and not by high osmolarity, most likely has a catabolic role (nitrogen assimilation) rather than being involved in osmoprotection. Hence, the BetS system characterized here is the first osmoregulated BCCT identified in S. meliloti and furthermore the only bacterial BCCT showing high affinity for proline betaine. The uptake of this betaine is mediated through the ABC system ProU in E. coli (18) and through the ProU homologues OpuA and OpuC in B. subtilis (4), even though their affinities for proline betaine have not been determined so far.
Upon expression in a betaine uptake-deficient E. coli mutant grown at elevated osmolarity, BetS displays high affinity towards glycine betaine (K m value of 16 M) and proline betaine (K m value of 56 M), allowing S. meliloti to scavenge both betaines from the rhizosphere or the soil. BetS appeared to be driven via cotransport with Na ϩ , another feature common to this subclass of symporters. In addition, BetS failed to transport other trimethylammonium or related molecules, such as choline, carnitine, and ectoine, which proves a narrow specificity of BetS towards glycine betaine and proline betaine. A restricted specificity towards one or two molecules is also relevant to the BCCT transporters: OpuD, BetL, and BetP are highly specific for glycine betaine, BetT is a choline carrier, and EctT, a new BCCT recently characterized in Virgibacillus pantothenticus, is mainly involved in ectoine and hydroxyectoine uptake (A. Kuhlmann and E. Bremer, personal communication). Given the competition among soil bacteria for osmoprotectants, it is tempting to argue that S. meliloti is particularly well adapted for using proline betaine exuded in the rhizosphere of alfalfa.
A prominent finding of this work is the regulation of BetS. Upon betS expression in E. coli, whereas the carrier was completely inactive in cells grown at low osmolarity, its activity was strongly increased in cells subjected to salt stress. In S. meliloti, a transcriptional betS-lacZ fusion is constitutively expressed, but osmotic stress was required for BetS activity. More conclusively, a sudden osmotic upshock strongly activated BetS within minutes following stress application in the presence or the absence of a protein synthesis inhibitor. Hence, BetS is positively regulated by osmotic stress at the posttranslational level, most probably by conformational changes, as observed for BetP in C. glutamicum (36) . The level of BetS activation was dependent on the intensity of the stress, and maximal induction was found at an NaCl concentration of 0.3 M (Fig.  5) . The pattern of BetS activation is similar to that observed for BetP in C. glutamicum, which, however, presents optimal activity at 0.6 M NaCl (36), probably reflecting the higher turgor pressure in gram-positive bacteria compared to gram-negative bacteria.
Some osmoprotectant carriers, including both ABC transporters and ion symporters, have been shown to be upregulated at the posttranslational level by elevation of medium osmolarity (16, 37, 44) . Because osmotic shifts elicit dramatic changes in bacterial cell structure, a model of direct sensing of the osmolarity of the environment by monitoring alteration in membrane tensions has been proposed to account for the activation of various osmoregulated transporters. Among them, the activation mechanisms of the H ϩ -symporter ProP of E. coli, the Na ϩ -dependent BCCT transporter BetP of C. glutamicum, and the ABC OpuA transporter of Lactococcus lactis have been analyzed in great details (37, 44, 45, 52) . All three proteins have been purified, and the osmoregulated responses of the activities have been examined in proteoliposomes, indicating that osmoregulation of these transporters is mediated by changes in membrane properties, with the lipids playing an essential role. These carriers act as both osmoregulators and osmosensors for the cells.
In both ProP and BetP transporters, the positively charged C-terminal extension seems to be involved in sensing and/or transducing osmotic changes to the domain of the protein responsible for the translocation of the substrate (37) . Interestingly, BetS contains a much longer stretch of internal hydrophilic residues (169 amino acids) in its C-terminal part than ProP and BetP. This extension is identical in length to that of the choline BetT transporter of E. coli. The BetS and BetT C-terminal regions show 23% identity but do not show similarity to the C-terminal domain of BetP. In addition, they do not contain any coiled-coil sequence, as in ProP (9, 32) . Further studies are necessary to fully elucidate the role of the C-terminal end of BetS in the activation and the stability of the active conformation of the protein.
In view of the osmotic upshock results and growth experiments, S. meliloti BetS is clearly a major betaine transporter used for rapid adaptation to sudden increases in osmolarity. However, BetS can be distinguished from other osmopro- tectant emergency transporters, such as the EctP system from C. glutamicum, by its narrow specificity. In contrast to EctP, which accepts glycine betaine, ectoine, proline, and probably all known compatible solutes, in C. glutamicum (38) , BetS can only transport glycine betaine and proline betaine. Since the betS mutant retains 40% of the betaine transport capacity of the wild type under high osmolarity, S. meliloti uses at least one other uptake system, most probably transcriptionally induced and involved in long-term adaptation to high salt concentration. Furthermore, the measurements of glycine betaine uptake by cells grown at low osmolarity (Table 3) indicate that an additional betaine uptake activity inducible by the substrate is present in S. meliloti. Thus, in addition to BetS and to the Hut system, this bacterium may contain at least two other betaine carriers. A multiplicity of betaine uptake systems has been observed in various bacteria, such as B. subtilis (20) . It is important to note that S. meliloti is unusually well equipped with transporters, particularly on the megaplasmid pSymb, as evidenced by the genome annotation (13) , and this perfectly correlates with the extremely large spectrum of osmoprotectants and energy sources, including betaines, used by this bacterium.
